Varroa destructor is an external parasite of Apis mellifera and feeds on the haemolymph of pupae and adult bees, vectoring numerous viral pathogens, in particular the deformed wing virus (DWV). However, the changes in haemolymph protein composition after Varroa infestation are unknown. The objective of this study was to investigate alterations in the haemolymph proteome in relation to Varroa parasitism. Using two-dimensional difference gel electrophoresis and MALDI-TOF/TOF mass spectrometry, we identified changes in 44 haemolymph proteins in response to the parasite and one in protein originated from DWV. The following pathways were affected by Varroa infestation, including carbohydrate metabolism, detoxification and oxidative stress response, nutrient reservoir activity, oxidoreductase activity and the olfactory system. Several physiological functions of honey bees, such as energy metabolism, detoxification, metamorphosis and chemosensing, may be disrupted by Varroa .
INTRODUCTION
The Varroa mite (Varroa destructor ) is an external parasite of the honey bee (Apis mellifera ) and feeds on the haemolymph of pupae and adult bees (Nazzi and Le Conte 2016) . However, it has been recently suggested that Varroa feeds primarily on honey bee fat body tissue (Ramsey et al. 2019 ). Varroa has successfully shifted from the original host, Apis cerana , to the Western honey bee, Apis mellifera , in the 1950s (Villalobos 2016) . Apis mellifera is not well adapted to the mite, and infested colonies suffer severe damage (Oldroyd 1999) . The damage caused by Varroa to the colonies is not strictly related to the parasitic action of the mite, as it also vectors numerous honey bee viral pathogens, such as deformed wing virus (DWV) (De Miranda and Genersch 2010; Wilfert et al. 2016) , the member of the iflavirus group, also including slow bee paralysis virus (Kalynych et al. 2016) , sacbrood virus (Ryabov et al. 2016) and Moku virus (Mordecai et al. 2016 ). The Varroa mite, in combination with its associated viruses, most notably DWV, has been Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13592-019-00674-z) contains supplementary material, which is available to authorized users. associated with the death of millions of European honey bee colonies across the word (Brettell and Martin 2017) .
The physical and physiological effects of Varroa on individual bees have been extensively investigated, and considerable pathological effects of mites on honey bees have been reported. Lower protein concentrations and carbohydrate concentrations were found in the bodies of emerged parasitised bees (Bowen-Walker and Gunn 2001) . Varroa parasitism causes direct harm to developing bees in terms of reduced emergence body weight and metabolic reserves, pupal and adult weight loss, brood developing into adults with shorter abdomens, deformed wing and shorter life spans and behavioural changes including altered flight duration and homing ability of infested foragers (De Jong et al. 1982; Allen and Ball 1996; Duay et al. 2003; Bowen-Walker and Gunn 2001; Kralj and Fuchs 2006) . Knowledge regarding the mechanism of those pathological effects is crucial to improve our understanding of Varroa parasitism and important for the diagnosis, prevention and treatment of Varroa.
Recently, proteomics analysis has been used in studies of Varroa destructor mites (Erban et al. 2015; McAfee et al. 2017; Iovinella et al. 2018) . Several groups of proteins were identified in Varroa females, as follows: (i) proteins of virions such as Varroa destructor Macula-like virus, DWV and acute bee paralysis virus (Erban et al. 2015) ; (ii) a variety of honey bee haemolymph proteins, including apolipophorin, hexamerins and various major royal jelly proteins (Erban et al. 2015) ; and (iii) key proteins that may act as semiochemical carriers, such as odorant-binding proteins and Niemann-Pick family, type C2 proteins (Iovinella et al. 2018) . However, to our knowledge, no proteomics studies have been conducted in haemolymph of infested honey bees focusing on proteins of Varroa origin. The presence of Varroa -borne proteins and transmitted viruses may be expected in honey bee haemolymph (Bogaerts et al. 2009; Dainat et al. 2012; Erban et al. 2015) .
Honey bee haemolymph plays a role in immune defence and is also vital for daily life functions, such as transport of nutrients and signalling molecules (Erban et al. 2016) . Several proteomic approaches have been used to investigate caste differences (Chan et al. 2006; Ararso et al. 2018) and developmental changes in honey bee haemolymph (Bogaerts et al. 2009; Erban et al. 2014 Erban et al. , 2016 Feng et al. 2014) . Proteome analysis of larvae as well as of the haemolymph, mushroom body, head tissues and antenna provides novel insights into honey bee resistance against Varroa infestation (Parker et al. 2012; Ji et al. 2015; Hu et al. 2016) . Moreover, quantitative proteomics was applied to reveal divergent responses in worker and drone pupae to parasitation by Varroa. Proteins involved in fatty acid metabolism and carbohydrate metabolism were more abundant in parasitised workers in comparison to drones (Surlis et al. 2017 ). However, present knowledge regarding honey bee responses to Varroa is restricted to whole pupae.
The objective of this study was to compare the proteomes of haemolymph of non-infested honey bees with those of bees parasitised with one or more (2-3) Varroa mother mites, using twodimensional difference gel electrophoresis (2D-DIGE) to quantify proteins and matrix-assisted laser desorption/ionisation (MALDI) mass spectrometry to identify proteins with different abundances in haemolymph.
MATERIALS AND METHODS

Sample collection
Four honey bee (Apis mellifera carnica L.) colonies were assigned to the experiment, in which Varroa destructor was not controlled for 2 years. At this time, acaricides were not used in bee colonies from which the research material was obtained. Therefore, the colonies were characterised by high infection rates with this parasite (on average, 12%). From these colonies, during the period from 06 April 2017 to 23 April 2017, combs with sealed brood, 2-3 days before emerging, were taken out and transferred into an incubator (35°C, humidity 60%). Every hour, the sealed brood were observed and workers which had already emerged were picked out to check if they were infected with parasites. The cells were also monitored for the presence of Varroa . Individual workers were partitioned into different Honey bee haemolymph proteome after Varroa infestation groups: control group-workers free from parasites or infested with one (V1) or two to three (V2-3) mother females of Varroa. Collected workers were kept in a Fotie cage in an incubator until used for haemolymph collection. This took place within 24 h from the moment the workers emerged from the comb cells. Bees from all three groups [non-infested honey bees, bees parasitised with one and more (2-3) Varroa mother mites] underwent the same treatments in laboratory conditions in order to exclude changes in physiology/ bee proteome caused by differences in bee brood breeding.
Haemolymph was collected from the head, using the novel antennae method for haemolymph sampling (Borsuk et al. 2017) . Approximately 10 μL of transparent haemolymph was collected from each individual. The samples from three to four honey bees were pooled in a 1.5-mL Eppendorf tube on ice until 40 μL was collected. Eighteen pooled samples were prepared, consisting of six samples for the control, six samples of bees infested with one Varroa mother mite and six samples of bees infested with two to three Varroa mother mites. To prevent proteolysis and melanisation, which is connected to a serine protease and prophenoloxidase, a protease inhibitor cocktail (1:100, P8340, Sigma-Aldrich, Saint Louis, MO, USA) with the following composition 104 mM AEBSF, 80 μM aprotinin, 4 mM bestatin, 1.4 mM E-64, 2 mM leupeptin and 1.5 mM pepstatin A was added to the haemolymph. The addition of cocktail to haemolymph decreased the melanisation process of haemolymph (Słowińska et al., unpublished observation) . The samples were immediately frozen at − 80°C.
Sample preparation
Haemolymph proteins were precipitated using the 2-D Clean-up Kit (GE Healthcare, Uppsala, Sweden). The pellet was re-suspended in DIGE labelling buffer consisting of 30 mM Tris, 7 M urea, 2 M thiourea and 4% CHAPS. The protein concentration was measured by the method of Bradford (1976) , using a Coomassie Plus Kit (Thermo Scientific, Waltham, MA, USA) with bovine serum albumin as standard.
Fluorescence labelling of haemolymph proteins with CyDyes and 2D-DIGE
Six biological replicates for each treatment (6 biological replicates × 3 treatments = 18 samples) were used for 2D-DIGE experiment. Protein labelling with CyDye DIGE fluor and 2D electrophoresis was performed under the same conditions as described by Słowińska et al. (2015) . Briefly, 50 μg of each sample was minimally labelled by incubation with 400 pmol of aminereactive cyanine dye (Cy3 or Cy5) on ice for 30 min in the dark. At the same time, the internal standard sample was generated by combining equal amounts of proteins from each of the 18 samples (labelled with Cy2) for a ratio of 50 μg protein to 400 pmol Cy2. The arrangement of the haemolymph samples for the 2D-DIGE experiment is shown in Supplementary Table S1 . The samples were then loaded onto IPG strips (24 cm, pH 3-10, NL; GE Healthcare) with passive rehydration (18 h). Isoelectric focusing was performed with an IPGphor isoelectric focusing unit (GE Healthcare) and SDS-PAGE was run using the ETTAN Dalt six electrophoresis unit (GE Healthcare) as described by Słowińska et al. (2015) .
The DIGE technique used in our study requires only biological replicates, since gel-to-gel variation is virtually eliminated with this technique by the presence of a pooled internal standard. The pooled internal standard was a combination of equal aliquots of each sample that was analysed in the experiment, as recommended by Beckett (2012) . The pooled standard is used to help normalise the signal between and within each gel by comparing the ratio of each labelled protein spot to the internal standard and then to the same protein spot in the other gels. In addition, the pooled internal standard is used as a standard map to match protein spots across multiple gels, since all of the spots in the internal standard should be present across all of the gels.
Image acquisition and quantitative analysis
The CyDye-labelled gels analysed by fluorescence imaging with the use of Typhoon FLA 9500 (GE Healthcare) are presented in Supplementary  Fig. S1 . Image analysis was performed with the use of DeCyder Differential Analysis Software (Version 5.02 software, GE Healthcare). All spots with a p value lower than 0.05 were considered as differentially abundant and were used for further analysis (Cardoen et al. 2012) . After DIGE analysis, gels were stained with Coomassie Brilliant Blue R-250 or silver stained (Bio-Rad, Hercules, CA, USA) according to the following studies: Tonge et al. (2001) , Vierstraete et al. (2004) and Dautel et al. (2011) . The 2D-DIGE gels stained with Coomassie Brilliant Blue R-250 or silver stained are presented in Supplementary Fig. S2 . Such gels were used for manual protein spot picking.
MALDI-TOF/TOF protein identification
Spots of interests were cut manually from the gel and subjected to reduction, alkylation and ingel trypsin digestion as described by Słowińska et al. (2014) . The peptides were concentrated and desalted using ZipTip pipette tips (Sigma-Aldrich), which had been first equilibrated by sequential washings with 100% acetonitrile (ACN), then with 50% ACN, 0.1% trifluoroacetic acid (TFA) and finally with 0.1% TFA. The digested peptides were loaded onto the ZipTip and contaminants were washed away with 0.1% TFA. Peptides were eluted with 1 μL of matrix solution containing 5 mg of α-cyano-4-hydroxycinnamic acid (Bruker Daltonics, Bremen, Germany) in 1 mL of 50% ACN and 0.1% TFA. This was spotted directly onto a steel MALDI target plate (MT 34 Target Plate Ground Steel, Bruker Daltonics). Additionally, a peptide calibration standard (Bruker Daltonics) was spotted using the dried-droplet method with the matrix for calibration of the mass spectrometer. Mass spectra were acquired in the range of 500-3500 m /z , using an MALDI-TOF AutoFlex Speed TOF/TOF mass spectrometer equipped with a Smartbeam II laser (355 nm, Bruker Daltonics). Operating conditions were as follows: laser frequency = 1000.0 Hz, ion source 1 = 19.10 kV, ion source 2 = 16.80 kV, lens voltage = 7.50 kV, reflector voltage = 20.99 kV, reflector 2 voltage = 9.59 kV, optimised pulsed ion extraction time = 120 ns, matrix suppression = 500 Da and positive reflectron mode was used. The strongest precursors were selected for MS/MS analysis with the following operating conditions: detection range = 40-2285 Da, laser frequency = 200.0 Hz, ion source 1 = 6.04 kV, ion source 2 = 5.34 kV, lens voltage = 3.00 kV, reflector voltage = 26.99 kV, reflector 2 voltage = 11.59 kV, lift 1 voltage = 18.96 kV, lift 2 voltage = 4.00 kV, optimised pulsed ion extraction time = 130 ns and positive reflectron mode was used.
Peptide masses from mass spectrometry analysis and their fragments obtained from MS/MS spectra were combined and submitted to bioanalyses searched using Mascot Server (Matrix Science, London, UK) and NCBI as the database. The database search criteria were as follows: enzyme: trypsin, fixed modification: carbamidomethylation (C) and variable modifications: oxidation (M) peptide mass tolerance of 200 ppm, fragment mass tolerance of 0.7 Da and one missed cleavage allowed, which is within the range recommended by Gasteiger et al. (2005) . The search results were filtered with a significant threshold of p < 0.05 and a MASCOT ion score cut-off of ≥ 30. The following criteria for protein identification, which followed the recommendations of Barceló-Batllori et al. (2008) , were applied in our study: (i ) matches considered statistically significant (p < 0.05) by Mascot with at least two correctly identified parent ions were regarded as correct hits; (ii ) when non-homologous proteins were identified in one spot for the correct identification, we chose a protein which had a score of at least two orders higher than the next hit and the most abundant peptides in the spectra were assigned as the identified protein; (iii ) when the highest score matched the same protein from several honey bee species, the taxonomy Apis mellifera was selected because this was the origin of the sample; otherwise, the identity of the first species was reported; and (iv ) searches that did not meet the criteria described above were further reanalysed by MS/MS using MALDI-TOF/TOF. Raw MALDI-TOF/TOF data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al. 2016 ) partner repository with the dataset identifier PXD012429.
Classification of differentiated haemolymph proteins
Classification of differentiated proteins was performed involving the following steps: (i) to obtain Gene Ontology annotation for biological processes and molecular functions, the GI numbers of identified proteins were mapped to the UniProtKB database (www.uniprot.org) and honey bee was selected as organism; (ii) for proteins with unknown function in honey bees, Drosophila melanogaster was used as the insect organism model; and (iii) in the case of proteins whose functions were unknown in insects, the function was speculated based on published data.
Using the Ingenuity Pathway Analysis package (IPA; Ingenuity, Mountain View, CA), gene names of identified honey bee proteins were used to generate networks. IPA only accepts identifiers for human, mouse or rat. Therefore, orthologues of the identified honey bee proteins belonging to humans were first identified and the gene name of the top blast hits were uploaded to IPA (21 identifiers were mapped by IPA from 44 identified proteins).
RESULTS
2D-DIGE comparison of haemolymph of honey bee infested with Varroa mother mites
Fifty-six protein spots differed significantly (p value < 0.05) between haemolymph of noninfested bees and of bees infested with one Varroa mite ( Figure 1 ). Thirty-four spots representing 23 proteins were enriched in infested honey bees and 22 spots representing 12 proteins were more abundant in non-infested honey bee haemolymph (Table I) .
Our analysis showed that 40 protein spots were of different abundance between haemolymph of non-infested bees and infected with two to three Varroa mother mites ( Figure 2 ). Twenty-seven spots representing 29 proteins were enriched in infested honey bees and 13 spots representing 5 proteins were more abundant in non-infested honey bee haemolymph (Table I) .
Three protein spots representing three proteins were found of different abundance in honey bees infested with two to three Varroa mites in comparison to one Varroa mite ( Figure 3 ). Two of them were more abundant and one protein was less abundant in the haemolymph of more infected honey bees (Table I) . Detailed information on the identification of honey bee haemolymph proteins is presented in Supplementary Table S2 .
Hexamerin 110 [BAI82214.1; ratio from + 4.84 to + 4 .71 (V2-3 vs control) and ratio + 2.57 (V1 vs control)], cuticular protein precursor [NP_001167611.1; ratio + 3.60 (V2-3 vs cont r o l ) ] a n d h e x a m e r i n [ A B R 4 5 9 0 5 . 1 , ABR45904.1; ratio from + 3.25 to + 2.62 (V2-3 vs control)] showed the largest increase after Varroa infection. Apart from the abovementioned honey bee proteins that increased in response to Varroa infection, a DWV protein, polyprotein (ASU06760.1), was also detected in honey bee haemolymph (average ratio from + 2.21 to + 1.48, after infestation with one or more Varroa , respectively). We did not find the presence of proteins originating from viruses other than DWV in honey bee haemolymph. Neutral alpha-glucosidase AB isoform X1 [XP_016772970.1; ratio − 2.05 (V1 vs control)], neutral alpha-glucosidase AB isoform X2 [XP_016772970.1; ratio − 2.04 (V1 vs control)], odorant-binding protein 14 precursor [NP_001035313.1; ratio from − 1.56 to − 1.53 (V2-3 vs control)] and protein disulfideisomerase A3 [XP_623282.1; ratio − 1.51 (V2-3 vs V1)] showed the most significant decrease after Varroa infection. A list of differentially abundant proteins in haemolymph of honey bees after infestation with Varroa mother mites in terms of protein ratio values [from the most increased ratio (+ 4.84) and the most decreased ratio (− 2.05)] for the three sets of data (V1 vs control; V2-3 vs control; and V2-3 vs V1) is presented in Table II .
Analysis of proteins showing changes in abundance
Results of classification of molecular function of differentiated proteins are presented in Table III . Haemolymph proteins that showed changes in abundance between uninfected and parasitised honey bees were involved in the following physiological processes: carbohydrate metabolism, detoxification and oxidative stress response, chemosensing and nutrient reservoir. Moreover, several proteins were classified as proteins with oxidoreductuse activities. The graphical presentation of molecular function is presented in Figure 4 . The top canonical pathways mapped by IPA were mainly connected with carbohydrate metabolism. The results of IPA analysis with statistical representation are presented in Table IV .
DISCUSSION
Polyprotein of deformed wing virus in honey bee haemolymph-a sign of Varroa infestation
In this study, we identified, using proteomics, DWV (polyprotein ASU06760.1) in the haemolymph of honey bees infested with Varroa mites. It is well documented that Varroa , which feeds on honey bee haemolymph, is a major vector for viral pathogen transmission, in particular the iflavirus DWV (Wilfert et al. 2016 ). According to Erban et al. (2015) , the mite transmits the virus-directly to the haemolymph, which is enough to facilitate the viral infection (Erban et al. 2015) . In the absence of Varroa , DWV normally persists at low levels within honey bee colonies, with no detrimental effect, and can be found in all life stages (Chen et al. 2005 (Chen et al. , 2006 Yue and Genersch 2005; Bogaerts et al. 2009 ). The increased level of DWV polyprotein in the haemolymph of infested honey bees in our study provides strong evidence for an active role of Varroa in the transmission of DWV of honey bee colonies within our experiment. As such, the observed changes in protein abundance in the haemolymph of honey bees infested with Varroa can be attributed both to the potential action of Varroa as well as to the action of DWV.
An increased level of polyprotein derived from DWV was found in honey bee haemolymph after infestation with one (ratio + 2.21) or two/three (+ 1.48) Varroa mother mites in comparison to noninfested honey bees. Interestingly, no statistically significant differences in polyprotein were found between bees infested with one mite and two/three mites. The lack of an increased level of polyprotein after infestation with several mites can be explained by the results of Bowen-Walker et al. Single-channel image of proteins from haemolymph after one Varroa mother mite infestation. c Overlay of Cy3 and Cy5 channel images according to haemolymph arrangement presented in Supplementary Table S1 for gel no. 2. Numbered protein spots (red) correspond to the proteins identified from 2D-DIGE that are more abundant after Varroa infestation and (green) indicate the identified spots that are more abundant in uninfected honey bees. Results of spot identification are presented in Table I . a , b Originated directly from Biological Variation Analysis workspace of DeCyder Differential Analysis Software. c Originated from Image Quant TL; the differentiated proteins were marked manually in order to improve spot marking. 
Proteins characteristic for metamorphosis
Hexamerin 110 (BAI82214.1), cuticular protein precursor (NP_001167611.1) and hexamerin (ABR45905.1; ABR45904.1) showed the largest increase after Varroa infection (from + 4.84 to + 2.57). Hexamerins are storage proteins with primordial functions in the construction and differentiation of adult tissues during insect metamorphosis (Martins and Bitondi 2012) . They are synthesised in large amounts by the larval fat cells during the larval growth phase and are secreted into the haemolymph where they accumulate. Following the larval-to-pupal moult, these Figure 2 . Two-dimensional difference gel electrophoresis (2D-DIGE) analysis of honey bee haemolymph proteins after infestation with two/three Varroa mother mites. a Single-channel image of proteins from control haemolymph. b Single-channel image of proteins from haemolymph after two/three Varroa mother mite infestation. c Overlay of Cy3 and Cy5 channel images according to haemolymph arrangement presented in Supplementary Table I for gel no. 4. Numbered protein spots (red) correspond to the proteins identified from 2D-DIGE that are more abundant after Varroa infestation and (green) indicate the identified spots that are more abundant in uninfected honey bees. Results of spot identification are presented in Table I . a , b Originated directly from Biological Variation Analysis workspace of DeCyder Differential Analysis Software. c Originated from Image Quant TL; the differentiated proteins were marked manually in order to improve spot marking. Figure 3 . Two-dimensional difference gel electrophoresis (2D-DIGE) analysis of haemolymph proteins of honey bees infested after infestation with two to three Varroa mother mites in comparison to infestation with one Varroa mother mite. a Single-channel image of proteins from haemolymph after one Varroa mother mite infestation. b Single-channel image of proteins from haemolymph after infestation with two to three Varroa mother mites. c Overlay of Cy3 and Cy5 channel images according to haemolymph arrangement presented in Supplementary Table I for gel no. 3. Numbered protein spots (red) correspond to the proteins identified from 2D-DIGE that are more abundant after infestation with two to three Varroa mother mites and (green) indicate the identified spots that are more abundant after one Varroa mother mite infestation. Results of spots identification are presented in Table I . a , b Originated directly from Biological Variation Analysis workspace of DeCyder Differential Analysis Software. c Originated from Image Quant TL; the differentiated proteins were marked manually in order to improve spot marking. and stored in the cytoplasm in the form of granules (Levenbook 1985) to act solely as storage proteins that provide amino acids and energy (Zakharkin et al. 2001; Jamroz et al. 1996) . Therefore, the level of hexamerins must be maintained at some level to play a role as storage proteins. Four hexamerin proteins, hexamerin70a, hexamerin 70b, hexamerin 70c and hexamerin 110, were identified in different stages of the honey bee (Martins et al. 2010 (Martins et al. , 2011 Erban et al. 2016) . At the time of emergence, 70b, 70c and 110 disappeared, and 70a appeared constant (Erban et al. 2016 ). Thus, hexamerin 70a in haemolymph appears to play a different role to hexamerin 70b, 70c and 110. According to Erban et al. (2016) at the time of emergence, Hex70a is not used primarily as a storage protein but has a transport function; hexamerins may transport hormones such as juvenile hormone (Braun and Wyatt 1996) . In our opinion, it is interesting that the loss of haemolymph during Varroa parasitation was not accompanied by the loss of hexamerin in honey bee haemolymph. Perhaps the increased secretion of hexamerins to the haemolymph is a part of the mechanism aimed to compensate for the loss of storage proteins in honey bee haemolymph due to Varroa infestation. Besides acting as a storage protein, hexamerin participates in tissue development during insect metamorphosis (Martins and Bitondi 2012) . An increased level of cuticular protein precursor can also suggest that metamorphic and imaginal moulting events are disrupted after
Varroa infestation. For this reason, it can be assumed that maintaining high levels of hexamerin and cuticular protein under conditions of Varroa infestation is also important for the protection of normally differentiated tissue and the exoskeleton during metamorphosis. The largest increased ratio observed in our study for hexamerins and cuticular protein after Varroa infestation indicated that the reported proteins may be crucial for the a b Figure 4 . The classification of the honey bee haemolymph proteins after infestation with one (a ) and two-three (b ) Varroa mother mites according to GO classification (molecular function). (27); TKT-transketolase-like protein 2 (24); PYGM-glycogen phosphorylase (15); ALDOA-fructose-bisphosphate aldolase (31); CHIT1-chitinase-like protein (49, 52); GPI-glucose-6-phosphate isomerase (40); IDH1-isocitrate dehydrogenase (NADP) cytoplasmic (32); PRDX6-peroxiredoxin-like protein (36); SORD-sorbitol dehydrogenase-like (12); GANAB-neutral alphaglucosidase AB (60, 63) response of honey bees to Varroa infestation and, for this reason, may be potential biomarkers of Varroa infestation.
4.3. The neutral alpha-glucosidase AB and protein disulfide-isomerase A3
The neutral alpha-glucosidase AB isoform X1, isoform X2 (XP_016772970.1) and protein disulfide-isomerase A3 (XP_623282.1) were proteins that decreased the most after infection with Varroa mite (from − 2.05 to − 1.51). Neutral alpha-glucosidases AB are involved in sugar metabolism and potentially in detoxification in insects (Li et al. 2016) . Protein disulfide-isomerase catalyses the rearrangement of -S-Sbonds in proteins and participates in cell redox homeostasis. These reported proteins were classified as proteins processing in the endoplasmic reticulum by Du Rand et al. (2015) that responded to nicotine exposure.
Olfaction-odorant-binding proteins
This study strongly suggests disruption of honey bee olfaction after infection with Varroa mites. Odorant-binding protein 14 precursors (NP_001035313.1; OBPs) showed one of the most significant decreases after Varroa infection. Based on the results of a previous study, OBPs are known to play a role in chemosensing and chemical communication in insects (Zhu et al. 2016) . OBPs are involved in carrying hydrophobic odorants and pheromones from the external environment to the membrane of chemosensory neurons across the aqueous lymph of chemosensilla (Vogt 2003; Pelosi et al. 2006; Leal 2013) . Numerous chemical signals crucial for the function in the society and behaviour of forager bees, such as longer flight duration and homing ability, are affected by Varroa (Kralj and Fuchs 2006) . Interestingly, Varroa -sensitive hygiene honey bee colonies were characterised by a higher abundance of OBPs in the mushroom body and antenna (Hu et al. 2016 ), suggesting a crucial role of the reported proteins in defence against Varroa . In summary, our results suggest that infestation with Varroa impairs the olfactory system of honey bees and could lead to disruption of chemosensing and chemical communication.
Protein of carbohydrate and glucose metabolism
Here, we demonstrated the up-regulation of proteins participating in the glycolysis, gluconeogenesis and glycogen synthesis after Varroa infestation. Moreover, six up-regulated proteins were linked together by IPA with a functional network for glucose synthesis ( Figure 5 ). We believe that these results suggest that the higher abundance of enzymes involved in glucose metabolism reflects a decrease in carbohydrate concentrations, as reported by Bowen-Walker and Gunn (2001) for adult worker honey bee abdomen after Varroa infestation. Perhaps, the induction of enzymes participating in glycolysis/gluconeogenesis and glycogen synthesis is part of the mechanism aimed to compensate glucose losses from honey bee haemolymph due to Varroa infestation.
Protein of detoxification and oxidative stress response
The three proteins, peroxiredoxin-like protein (NP_001164444.1), glutathione S-transferase S1 isoform X1 (XP_016772844.1) and T-complex protein 1 subunit zeta (XP_012349557.1), were present at increased levels in the Varroa -infected bee samples. Moreover, peroxiredoxin-like protein and glutathione S-transferase S1 are also involved in the response to oxidative stress (Du Rand et al. 2015; Erban et al. 2016) and Tcomplex proteins are classified as chaperone proteins (Du Rand et al. 2015) . In our opinion, the increased level of the latter protein suggests an increase in the amount of incorrectly folded proteins in Varroa -infected bees. Finally, another protein, carboxylesterase (NP_001136081.1), was also found at higher levels in Varroa -infected bee samples; together with glutathione S-transferase, this protein is involved in the detoxification of low doses of insecticides (Badawy et al. 2015) . In summary, the results suggest that up-regulation of haemolymph proteins participating in detoxification and response to oxidative stress might be part of the mechanism characteristic of the response of honey bees to the pathogenic action of Varroa .
Immune-related proteins
We observed down-regulation of two immunerelated proteins [apolipophorins (XP_016768851.1) and putative defense protein 3 (XP_003249096.1)] in the haemolymph after infestation with one Varroa mite. Interestingly, the apparent suppression of immune-related proteins was not observed when honey bees were faced with higher mite loads (two to three Varroa mites per pupa). The lack of strong immune system responses after Varroa infestation can be explained by host immunosuppression by the combined action of Varroa and DWV. Honey bees with increasing DWV loads have reduced immunocompetence at both the humoral and the cellular levels (Di Prisco et al. 2016; Ryabov et al. 2014) . Further studies should aim to understand the molecular mechanism of immune responses in relation to the degree of Varroa infestation.
The results of this study indicated disturbance in the immune response involving high molecular weight protein due to Varroa infestation. However, in our study, we did not identify any known antimicrobial peptides (AMPs) in haemolymph of infested honey bees (Randolt et al. 2008 ), such as apidaecins, abaecin and defensins. The lack of AMP identification can be explained by limitations in 2DE detection of denatured proteins (size range of 10-200 kDa; Molloy and McDowell 2005) . Randolt et al. (2008) used Tricine-SDS-PAGE (separation range from 1 to 100 kDa) and clearly showed that AMPs in honey bee haemolymph have a molecular mass below 10 kDa. For this reason, AMPs could not be identified under the conditions of 2D-DIGE. Further studies should focus on more complete characterisation of the immune response, including low molecular weight AMPs, after Varroa infestation.
Phenoloxidase is an important part of defence against intruding microorganisms and parasites, including Varroa (Koleoglu et al. 2018) , wound healing and cuticle pigmentation (Zufelato et al. 2004; Binggeli et al. 2014) . However, in our study, we did not demonstrate differences in phenoloxidase abundance in honey bee haemolymph after Varroa infestation. The molecular weight of phenoloxidase is 70 kDa (Zufelato et al. 2004 ). On a 2DE image presented by Erban et al. (2016) , phenoloxidase was detected in an area of high molecular weight proteins near to hexamerins-one of the most abundant proteins in 1-day-old honey bee haemolymph (this study). Table I. To our knowledge, among the published 2DE studies of haemolymph of newly emerged honey bees, only one study reported detection of phenoloxidase (Erban et al. 2016 ); phenoloxidase was not detected in studies by Feng et al. (2014) and Erban et al. (2014) . Due to low relative abundance, prophenol oxidase may be masked by the presence of more abundant proteins with similar physicochemical characteristics, such as hexamerins, and therefore, we were not able to detect this protein under the conditions of 2D-DIGE.
Oxidoreductases
We observed up-regulation of five enzymes assigned to oxidoreductase activity after Varroa infestation. The activity of several oxidoreductases has been demonstrated in the haemolymph of honey bees (Tripathi and Dixon 1969; Gilliam and Jackson 1972) , and they play diverse functions in the metabolism (Erban et al. 2014 ). The latter authors identifie d three of five oxidoreductuses found in our study: short-chain dehydrogenase/reductase (NP_001011620.1; S D R ) , s o r b i t o l d e h y d r o g e n a s e -l i k e (XP_392401.3; SDH) and oxidoreductase YrbE (XP_624408.2) and classified them as secondary metabolites of biosynthesis, transport and catabolism (Erban et al. 2014 ). The SDH is an enzyme involved in the polyol pathway and catalyses the conversion of sorbitol to fructose (Marchler-Bauer et al. 2013 ). An increased level of SDH after Varroa infestation agrees with the upregulation of enzymes involved in glucose metabolism (see above). Moreover, an increased level of oxidoreductase YrbE, together with SDH, suggests a function in energy production and conversion (Erban et al. 2014) . In a previous study, SDR was a target of ecdysone (an ecdysteroid, produced by the prothoracic gland, that controls moulting in the larva and pupa) response during honey bee caste development (Guidugli et al. 2004) . Summing up, our results suggest that the increased abundance of oxidoreductases after Varroa infestation may be related to diverse metabolic and physiological functions such as energy production and development.
Proteins of branched chain amino acid metabolism and lipid metabolism
As mentioned above, the biochemical and physiological pathways most affected (up-and downregulated) due to Varroa infestation were represented by several proteins; in addition, we observed upregulation in a few proteins involved in branched chain amino acid metabolism (BCAA) and lipid metabolism. The BBAAs are the most hydrophobic of the amino acids and play crucial roles in determining the structures of globular proteins (Brosnan and Brosnan 2006) . This agrees with the increases o f T-c o m p l e x p r o t e i n 1 s u b u n i t z e t a (XP_012349557.1) involved in protein stabilisation. An increased level of 3-ketoacyl-CoA thiolase (XP_391843.1), involved in lipid metabolism, may be associated with an increased synthesis of hexamerin by the larval fat body in response to Varroa infestation (Telfer and Kunkel 1991) . In addition, we observed down-regulation for proteins involved in metabolic pathways and genetic information processing such as translation, transcription, protein processing and folding. This suggests that Varroa infestation has a negative effect both on the expression of genetic information and the maintenance of an optimal protein structure.
Lipid transport involving vitellogenin (Vg) is the most significantly enriched biological process in the foundress (reproductive female) and in young mites (McAfee et al. 2017 ), suggesting that honey bee Vg may be altered by Varroa infestation. However, in our study, no alteration of Vg was found in 1-day-old honey bee haemolymph after Varroa infestation. The reason for the lack of Vg alteration in our study may result from low Vg concentrations in the haemolymph of summer bees. This suggestion is supported by the results of proteomic studies of summer (Bogaerts et al. 2009 ) and winter honey bee haemolymph (Erban et al. 2013) where a negligible level of Vg was identified in summer bees in comparison to an abundant level of Vg in the haemolymph of winter honey bees.
Proteins of other categories
In this study, we observed that changes in abundance of some proteins were restricted only to changes in particular isoforms and/or proteoforms. Therefore, it cannot be assumed that, f o r e x a m p l e , i n s u m h e x a m e r i n 7 0 a (NP_001104234.1) changed, since the changes were visible only within two isoforms and/or proteoforms produced as a result of posttranslational modification. A similar situation was observed for other proteins that changed only within a few isoforms and/or proteoforms, such as apolipophorins (XP_016768851.1; 1 isoform), beta-ureidopropionase (XP_392773.3; 3 isoforms), hexamerin (ABR45904.1; ABR45905.1; 3 isoforms), hexamerin 110 (BAI82214.1; 2 isoforms) and neutral alpha-glucosidase (XP_016772970.1; 2 isoforms). Overall, our study indicated that changes in honey bee haemolymph after Varroa mite infestation did not always affect all proteins, but may reflect changes in particular isoforms and/ or proteoforms.
Here, we identified a few individual proteins that could not be assigned to the major protein function categories. The altered abundance of the cuticular protein precursor (NP_001167611.1) and chitinase-like protein (XP_016773072.1), compounds of insect cuticle layers (Zhao et al. 2017) , suggests a disruption in the honey bee exoskeleton after Varroa infestation. The down-regulation of the circadian clock-controlled protein (XP_001122696.1) suggests circadian behavioural rhythm disorder (Fuchikawa et al. 2017 ). Moreover, Varroa infestation can affect ATP, calcium and carbohydrate binding by changing the expression of fibrillin-1-like (XP_016773242.1) and aldose 1-epimerase isoform Xa (XP_016772523.1), respectively. All together, these results suggest that several physiological functions, such as morphogenesis/metamorphosis, circadian behavioural rhythm and energy metabolism, may be impaired as a consequence of Varroa infestation.
CONCLUSIONS
In summary, our study indicates multifactorial effects of Varroa infestation on honey bees, highlighting the most disrupted physiological pathways of honey bee haemolymph, such as carbohydrate metabolism, detoxification and oxidative stress response, nutrient reservoir activity, oxidoreductase activity and the olfactory system.
Immune-related proteins could not be completely identified under the conditions of 2D-DIGE in 1day-old honey bee workers. Several physiological functions of the honey bee including energy metabolism, detoxification, chemosensing and metamorphosis may be disrupted by Varroa. The latter, represented by hexamerins and cuticular protein, seems to be mostly affected by Varroa infestation. The presence of increased levels of polyprotein of the deformed wing virus in honey bee haemolymph could be a biomarker of Varroa parasitism. Varroa infestation can be a result of host immunosuppression by the combined actions of Varroa and DWV. Knowledge regarding proteome changes can be the basis of further studies investigating the detailed mechanisms of honey bee responses to Varroa infestation. 
